Abstract: Heme oxygenase-1 (HO-1) is central to the regulation of oxidative injury. The role of increased HO-1 expression and Heme oxygenase (HO) activity in mitigating the detrimental side effect of diabetes is examined. A review of the mechanism(s) of action is included. This may lead to the development of pharmacological and genetic approaches to mitigate the clinical complications associated with the progression of diabetes and obesity.
INTRODUCTION
Hyperglycemia, a major cause of kidney disease, results in hypertension and the risk of developing diabetic neuropathy. Hyperglycemia, defined as elevated levels of serum glucose, produces oxidative stress through the increased generation of reactive oxygen species (ROS) leading to the derangement of cell physiology in diabetes. In addition it plays a critical role in the pathogenesis of diabetic complications including cell survival in animal models of diabetes. Impairment of vascular responses due to the formation of superoxide anion radical (O 2 -) represents the major contributor to vascular injury and the clinical complications of diabetes [1] . The perturbations in heme metabolism resulting in increased expression of heme oxygenase(HO)-1 and increased production of carbon monoxide (CO), iron and biliverdin/bilirubin that occur and their role in the regulation of oxidative stress and cell survival will be examined in detail and its relation to obesity and metabolic syndrome.
In Type 1 diabetes, insulin deficiency provokes high blood glucose levels and alterations in lipid metabolism. The evolution of this disease may be associated with the development of premature micro-and macrovascular complications; the pathogenesis of which may be linked to oxidative stress [2] [3] [4] [5] . Increased ROS generation may contribute to beta cell damage and vascular dysfunction through various mechanisms [5] [6] [7] . In diabetic children, puberty may trigger microvascular complications that may later be the major cause of tissue damage, disability and death. Although the mechanism of glucose toxicity is unknown, recent in vitro and whole animal studies have implicated ROS, which promote the formation of cytotoxic lipid peroxides [8] [9] [10] [11] . The beta cell destruction by ROS, whether induced by oxidants given exogenously or elicited by cytokines, is a process that occurs through changes in the apoptotic and antiapoptotic balance [12] [13] [14] [15] [16] . There appears to be an intrinsic cardiovascular sensitivity to oxidative stress in diabetic rats and in nonobese diabetic (NOD) mice, a property that may extend to human patients.
Type 2 diabetes mellitus is a common disorder, characterized by hyperglycemia, insulin resistance and relative impairment in insulin secretion. Over seven percent of adults in the United States are known to have diabetes and the number continues to rise every year [17] . The spectacular increase in prevalence of type 2 diabetes in the past decade, in large part is linked to the trends in obesity and physical inactivity [18] . Abdominal obesity, in particular, is associated with resistance to the effects of insulin on peripheral glucose and fatty acid utilization. Insulin resistance plays a major role in the pathogenesis of type 2 diabetes and is often accompanied by other *Address correspondence to this author at the New York Medical College, Director of Gene Therapy, Room 527, Valhalla NY 10595, USA; Tel: 914-594-4132; E-mail: NADER_ABRAHAM@NYMC.EDU conditions, including hypertension, high serum low-density-lipoprotein (LDL), low serum high-density-lipoprotein (HDL) and high serum triglyceride levels, which promote the development of atherosclerotic cardiovascular disease [19] . The majority of patients with diabetes die of cardiovascular events and controlling risk factors leading to atherosclerosis is a major challenge in clinical practice [20] .
Oxidative stress has been implicated in the pathogenesis of insulin resistance, type 2 diabetes and its cardiovascular complications [21, 22] . Excessive generation of ROS is the underlying mechanism of endothelium injury, resulting in an accelerated rate of apoptosis and endothelial cell sloughing [23, 24] . Overproduction of ROS in the vascular wall enhances endothelial nitric oxide (NO) and endothelial nitric oxide synthase (eNOS) degradation and promotes peroxynitrite formation which results in a preferential increase in O 2 -production. This results in platelet aggregation, release of growth factors in the vessel wall, vasoconstriction and endothelial dysfunction [25, 26] .
Adipose tissue plays an important role in insulin resistance through the production and secretion of a variety of proteins, including tumor necrosis factor-alpha (TNF-), interleukin(IL)-6, plasminogen activator inhibitor-1, monocyte chemoattractant protein-1, resistin, proteins of the renin-angiotensin system, leptin and adiponectin [27] . Of these proteins, adiponectin has recently attracted much attention, as it has insulin-sensitizing properties that enhance fatty acid oxidation and glucose uptake in muscle [28] [29] . Adiponectin is exclusively secreted from adipose tissue and its expression is higher in subcutaneous than visceral adipose tissue [30] . It circulates in the blood at very high concentrations and is found as low-molecular weight (LMW) oligomers, and highmolecular weight (HMW) multimers [31] . Several studies suggest that HMW adiponectin is more active and correlates more significantly with glucose and insulin levels than LMW and even total adiponectin [32] . Low plasma HMW adiponectin levels have been consistently associated with obesity, insulin resistance, type 2 diabetes and coronary artery disease [33, 34] . Recent data have revealed that adiponectin possesses a vascular protective role, preserving endothelial cell function in diabetic and non-diabetic patients with the metabolic syndrome [35] [36] [37] . In addition to modulating atherogenesis through its insulin-sensitizing actions, it also has direct anti-atherogenic effects on the arterial wall. These effects are mediated through inhibition of TNF--mediated adhesion of monocytes and vascular cell adhesion molecules to the endothelium, modulating the endothelial inflammatory response. Furthermore, adiponectin decreases cytokine production in macrophages through blocking the nuclear factor B (NF-B) pathway resulting in decreased transformation of macrophages into foam cells [38] [39] [40] and it also improves the beneficial effects of antihypertensive agents in hypertensive patients [41] . Adiponectin increases NO production in cultured endothelial cells in vitro and in vivo [37, 42] .
Adiponectin could be a novel therapeutic tool for diabetes, the metabolic syndrome and cardiovascular disease. Upregulation of plasma adiponectin is a partial mechanism of the thiazolidinedione (TZD) class of antidiabetic drugs, which have insulin-sensitizing actions [29] . TZDs increase glucose disposal in skeletal muscle and decrease hepatic gluconeogenesis. They are widely used for the treatment of type 2 diabetes. TZDs are presumed to directly affect adipose tissue and increase adiponectin levels. However, it is not clear to what extent the efficacy of these drugs is attributed to adiponectin. TZDs are potent peroxisome proliferators-activated receptor (PPAR) -agonists. They bind PPAR in adipose tissue, thus promoting adipocyte differentiation and increasing the number of small insulin-sensitive adipocytes, which abundantly express and secrete adiponectin and decrease serum free fatty acid levels and TNF-expression [28, 29] . The PPAR , response element found on the promoter sequence for the adiponectin gene, forms a functional heterodimer with retinoid X receptor and bind to the adiponectin promoter region, resulting in promoter activity, increasing plasma adiponectin levels [43] . PPAR receptors also regulate the expression of HO-1 in human vascular cells [44] .
The heme oxygenase system provides antioxidant and antiapoptotic properties due to its product activity, bilirubin/biliverdin and carbon monoxide [45] . HO-1 is induced by oxidant stress and plays a crucial role in protection against oxidative insult in diabetes and cardiovascular disease [1] . Upregulation of HO-1 gene expression prevents vascular dysfunction and endothelial cell death and increased ROS levels [46, 47] . Recently, L'Abbate et al. have shown that induction of HO-1 was associated with a parallel increase in the serum levels of adiponectin, which has antiinflammatory properties [48] . Adiponectin has been ascribed antioxidative properties [49] ; it also improves endothelial function in non-diabetic patients with the metabolic syndrome [36] . These observations serve to define some of the key mechanisms by which HO-1 is involved in diabetes and the metabolic syndrome association with increased insulin resistance and inflammatory cytokines release (Fig. 1) . These could offer a possible approach as to how these mechanisms might be therapeutically manipulated. Fig. (1) . Measurement of serum adiponectin levels in control and diabetic animals before and after CoPP treatment. Results are mean ± SE; n=4. #=p<0.05 diabetic vs. control rats; *=p<0.01 Diabetic-CoPP vs. untreated diabetic animals [48] .
Levels of HO-1 expression were measured in retinal pigment epithelium (RPE) cells of eyes from both normal and diabetic patients and a decreased expression of HO-1 in the RPE of diabetic patients compared to controls was reported leading the authors to conclude that this could contribute to the vulnerability of the neuroretina to the significant metabolic insult that is encountered in the diabetic state [50] . Bruce et al. [51] have reported a decrease in HO-1 expression in type 2 diabetes. This has been confirmed in a clinical study that examined the leukocytes of patients with type 2 diabetes and reported a decrease in HO-1 gene expression. This was associated with increased NADPH oxidase expression and activity [52] . The psychosocial, neuroendocrine and socioeconomic aspects of type 2 diabetes have been summarized by Abraham et al. [53] .
In a streptozotocin (STZ) model of type 1 diabetes, HO activity and HO-1 were decreased in the aorta of diabetic animals compared to controls. High glucose levels decreased HO-1 promoter activity. In addition hyperglycemia was augmented by HO inhibition and decreased by upregulation of HO-1 with cobalt protoporphyrin IX dichloride (CoPP). Circulating endothelial cells were higher in diabetes and could be decreased by manipulating HO activity with the use of CoPP and tin mesoporphyrin IX dichloride (SnMP), respectively [54] . These results were confirmed by the demonstration that overexpression of the human HO-1 gene attenuated endothelial cell sloughing in the STZ animal model [47] . This work was extended to show that the inducers of HO-1, apolipoprotein mimetic peptide (D-4F) and CoPP, decreased endothelial sloughing in animal models of diabetes. This was associated with the restoration of extracellular superoxide dismutase (EC-SOD) levels by D-4F, levels that are low in diabetes [24] . With CoPP treatment the increase in EC-SOD was confirmed and, in addition, catalase and eNOS levels were increased ( Fig. 2) with a concomitant increase in endothelial relaxation and a decrease in O 2
- [55] . Recently it has been reported that increased HO-1 gene expression increases both vascular relaxation and inducible nitric oxide synthase (iNOS) in diabetic animals [56] and that increased levels of CO resulting from the use of carbon monoxide releasing molecule (CORM) CORM-3 improve vascular reactivity [57] . These results indicate the crucial role of HO-1 in protecting against the deleterious effects of hyperglycemia.
The experimental basis for chronic oxidative stress as an underlying mechanism for glucose toxicity in beta cells has been examined and shown to be a major problem in diabetes [21, 58] . Hyperglycemia-mediated local formation of ROS is considered to be a major contributing factor to endothelial dysfunction, including endothelial cell apoptosis abnormalities in cell cycling due to lack of HO-1 induction and increase in O 2 -formation [59] and delayed replication [60] . Some of these dysfunctions can be reversed by antioxidant agents or by increased expression of antioxidant enzymes [61] . A reduction in antioxidant reserves has been related to endothelial cell dysfunction in diabetes [6, 60] . Increased levels of HO-1 as a result of gene transfer in hyperglycemic rats results in a decrease of endothelial cell sloughing [47] . Sacerdoti et al. [62] have shown that delivery of the human HO-1 gene to endothelial cells attenuated glucose-mediated oxidative stress, DNA damage and cell death. The ability of increased levels of HO activity to attenuate the production of ROS is attributed to its ability to degrade heme to bilirubin and CO. Increased HO-1 activity was shown to attenuate endothelial cell apoptosis and decrease O 2 -formation in experimental diabetes [55] . HO-1 induction has been shown to provide vascular cytoprotection against oxidative stress via mechanism(s) that involve an increase in mitochondrial function [55, 63] . The HO-1 mediated increase in EC-SOD converts O 2 -to hydrogen peroxide which is subsequently detoxified by glutathione peroxidase [64] . The finding that HO-1 increases EC-SOD is seminal, as a decrease in superoxide will limit the formation of peroxynitrite and inactivation of eNOS, which leads to an increase in NO bioavailability [24, 55, 65, 66] . Hyperglycemia is also known to increase the levels of cellular heme and O 2 -as a result of a decrease in HO activity (for review, see Abraham and Kappas [1] ). Thus HO-1 plays a pivotal role in mitigating the detrimental effects of hyperglycemia. It should be noted however that, using hyperglycemic heme oxygenase isozyme 2 (HO-2) (+/+) mice, HO-2 deficiency can contribute to a diabetes-mediated increase in superoxide anion levels and renal dysfunction. HO-2 deficiency causes major renal morphological injury and impaires renal function [67] sug-gesting that diabetes-induced renal impairment is markedly attenuated in HO-2 (-/-) mice, and with the use of STZ, is toxic to tubular necrosis. There are several mechanisms by which upregulation of HO-1 compensates for HO-2 deficiency. The upregulation of HO-1 inhibits the inflammatory response. Consistent with these observations, animals and humans deficient in HO-1 suffer from progressive chronic inflammation and are sensitive to stressful injury, presumably due to elevated heme iron levels [1] .
Cardiac mitochondrial damage, such as that seen in Type I diabetes, is the result of a decrease in reduced glutathione and decreased signal transducer and activator of transcription-3 of the mitochondrial respiration system [68] . A deficiency in the deoxynucleotide carrier has been associated with abnormal brain growth [69] , and a deficiency in carnitine-acylcarnitine was shown to cause muscle weakness and cardiomyopathy [70] . Diabetic complications have been related to abnormalities in mitochondrial function [68, 71, 72] as well as to increased endothelial cell death and detachment [73] . Therefore, upregulation of HO-1 in the mitochondria or in the vicinity of mitochondrial membranes may be essential to modulate the redox state in favor of antioxidants and to enhance mitochondrial transport of substrates and metabolites. Di Noia et al. showed restoration of six mitochondrial carriers, i.e., carnitine, citrate, phosphate, ATP and dicarboxylate, as a result of an increase in HO-1 protein and HO activity in diabetic rats [63, 74] . Specific human HO-1 gene transfer to diabetic rats has also resulted in the restoration of mitochondrial carriers, including ADP/ATP and dicarboxylate [63] . Peterson et al. [66] and Li et al. [75, 76] have shown that the increase in HO-1 in diabetic rats is associated with increased eNOS and phosphorylated protein kinase activator (pAKT). An increase in AKT phosphorylation is critical to cell survival in diabetes [77, 78] . Increases in AKT phosphorylation and Bcl-XL levels have been shown to prevent the loss of beta cells in diabetes [79, 80] . It is interesting to note that the alteration in mitochondrial function in vitro and in vivo has been shown to correlate with the levels of activation of AKT and the Bcl-2 family of proteins [81] [82] [83] [84] . A decrease in Bcl-2 family members has been suggested to contribute to apoptosis and the translocation of cytochrome C from the mitochondria to cytosol [82, 83, 85] . Activation of AKT has been shown to augment ATP synthesis [86] and promote the association of hexokinase with the voltage-dependent anion channel (VDAC) and, in so doing, promote VDAC closure, thus blocking release of cytochrome C [87] .
The role of the heme degradation products CO and biliverdin/ bilirubin in preventing the deleterious effects of hyperglycemia in diabetes has been examined in detail. Li et al. [75] reported the interdiction of the diabetic state in NOD mice by sustained induction of HO-1 and suggested a possible role of CO and bilirubin. This was associated with a decrease in infiltrated CD11c+ dendritic cells (Fig. 3) .
HO-1 upregulation has proven to be capable of providing cytoprotection to vascular function [24, 59] and to pancreatic beta cells in vivo [11] . Li et al. [76] have shown that an increase in HO-1 levels, i.e., CO and bilirubin, have a salutary effect, modulating the pancreas phenotype, as reflected by the increases in the antiapoptotic proteins, AKT and Bcl-XL, thus rendering beta cells resistant to oxidant stress and, hence, preventing the development of Type 1 diabetes (Fig. 4) . These novel findings provide a link between the increase in HO-1 and a decrease in infiltrated type 1 transmembrane protein (CD11c+ dendritic cells), and suggest that the induction of HO activity can be used to enhance cell survival and moderate the diabetic state [76] . Similarly, others have shown that increased levels of HO-1 protein slows the progression to overt diabetes in prediabetic NOD mice by downregulating the phenotypic maturity of dendritic cells and T helper (Th1) effector function. CO appears to mediate, at least partly, the beneficial effect of HO-1 in this disease setting [88] . Hyperglycemia is also known to increase the levels of cellular heme and O 2 -as a result of a decrease in HO activity (for review, see Abraham and Kappas [1] , and Abraham and Drummond [89] ).
A question arises as to whether vascular endothelial cell damage in diabetes can be prevented or salvaged by altering the balance between the pro-and anti-apoptotic pathways regulated by the mito- Fig. (2) . Schematic representation of HO-1-derived CO and bilirubin in the regulation of oxidative stress and cell survival. Upregulation of HO-1 by pharmacological agents or by gene transfer or as a result of stress leads to an increase in heme degradation and the generation of CO and bilirubin. This process increases heme turnover with a resultant effect of decreasing inducible enzymes such as iNOS, but not eNOS. Simultaneously, CO or bilirubin or both enhance anti-apoptotic, antioxidant and signaling molecules. HO-1-derived CO or bilirubin may directly increase EC-SOD or, via their activation, transcriptional factors. EC-SOD scavenges O2 -, decreases formation of peroxynitrite (ONOO -), and limits oxidative and nitrative stress. chondria. It has been reported that the overexpression of HO-1 enhances cell proliferation through activation of AKT [90] . Similarly, a lack of HO-1 or HO-2 in either transgenic mice or in humans significantly increases apoptotic cell death [54, [91] [92] [93] [94] . The report that HO-1 regulates mitochondrial transport carriers and function [63] suggests that HO-1 by activating Bcl-2 and Bcl-XL, prevents cytochrome C release and the activation of caspases [63] . While these results suggest that it may be possible to favorably modulate the balance between pro-and anti-apoptotic mechanisms, neither HO-1 nor the effects of bilirubin and CO have been tested for significant clinical applicability as therapeutic measures in diabetes.
The beneficial effect of cytosolic HO-1 in vascular protection may be considered a result of the activation of EC-SOD (scavenging O 2 -), enhancing NO bioavailability and preserving endothelial function. In addition, several reports suggest that beta cell destruction caused by elevated intracellular levels of ROS, including superoxide radicals, hydrogen peroxide and NO, is a process that occurs through both apoptotic and necrotic mechanisms [12] [13] [14] [15] [16] 95] . T-cell-mediated infiltration of the pancreas leads to the generation of ROS and pro-inflammatory cytokines. The HO-1 system has been shown to regulate T-cell proliferation and immune response [96, 97] . Studies have shown that CD4 + dendritic cells and T cells express HO-1 in response to CoPP, and that the lack of HO-1 modulates T-cell proliferation and maturation [98, 99] . Fig. (4,A) . Effect of diabetes and HO-1 expression on phospho (p) p-AKT and total AKT in renal tissue. Quantitative densitometry evaluation of p-AKT and total AKT proteins ratio was determined. *p<0.02 vs. diabetic rats; †p<0.02 vs STZ-CoPP; and (B) Effect of diabetes and HO-1 expression on BcL-XL and Bax, in renal tissue. Quantitative densitometry evaluation of BcL-XL and -actin protein ratio were determined. *p<0.05 vs. control ; †p<0.001 vs. diabetic rats and ¥p<0.01 vs STZ-CoPP. Representative immunoblots (n= 6) are shown [63] .
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Antihypertensive drugs can help prevent renal complications by blockade of the renin-angiotensin system. Renal HO-1 is induced by several transcriptional factors, including nuclear factor E2-related factor 2 (Nrf2), to protect the kidney from injury in a model of hepatic ischemia / reperfusion [100] . A protective effect is also seen in diabetes where insulin induces HO-1 in renal cells through the phosphoinositide 3-kinase (PI3k)/AKT pathway and Nrf2 transcription factor [101] . Thus HO-1 appears to be clinically important as a focal point in the development of strategies to reverse the detrimental side effects of diabetes.
EFFECT OF HO-1 INDUCTION ON SERUM ADIPONECTIN LEVELS AND INFLAMMATORY CYTOKINES, IL-1, IL-6 AND TNF-
Adiponectin is an abundant, adipocyte-derived plasma protein that modulates vascular function. Adiponectin downregulates the generation of pro-inflammatory risk factors that mediate vascular dysfunction. A reduction in adiponectin levels has been implicated in the development of obesity linked diseases including diabetes, vascular inflammation and cardiovascular diseases [35] . Increased HO-1 expression is known to improve vascular function by decreasing superoxide and increasing antioxidant levels. This prompted us to examine the relationship between increased HO-1 expression and serum adiponectin levels.
To determine the effect of HO induction on adiponectin, we measured the adiponectin level in the zucker diabetic fat rat (ZDF) and zucker lean rat (ZL) before and the following treatment with CoPP for 6 weeks. As seen in Fig. 1 , adiponectin was notably lower in 22-week-old ZDF compared to ZL (P<0.05). After the treatment with CoPP, serum adiponectin in ZDF was increased by 165% compared to control ZDF (P<0.01). Moreover, the increase in adiponectin in ZDF treated with CoPP attained a level significantly above that in ZL controls. When CoPP and SnMP were coadministered to ZDF, adiponectin levels did not increase because HO activity was inhibited (Kim and Abraham, manuscript in preparations) Pro-inflammatory cytokines, including IL-1, IL-6, and TNF-, positively correlate with obesity, impaired glucose tolerance, insulin resistance and vascular inflammation [27, 102] . To investigate the connection between HO induction and classical risk factors of type 2 diabetes, we assessed IL-6 and TNF-in ZDF and ZL in response to treatment with CoPP for 4 weeks. All three cytokines were significantly increased in ZDF compared to ZL. The levels of IL-6 and TNF-were lower than IL-6 in ZL control. Following treatment with CoPP both IL-6, TNF-levels were significantly decreased in treated ZDF compared to control ZDF.
Weight and fat content were measured in ZDF following HO-1 induction to examine the role of adiponectin. HO-1 induction prevented the development of obesity. CoPP treatment (0.5mg/100g BW, once a week) maintained ZDF body wt. In contrast ZDF animals treated with either vehicle of SnMP continued to gain weight. Doubling the CoPP dose (1mg/100g, once a week for 6 weeks) resulted in ZDF animals losing weight and body fat. CoPP (1mg/100g) treated ZL exhibited no weight gain while ZL-vehicle treated gained ~90 grams (p<0.01). Body fat mass was examined and was lower in CoPP-treated ZDF compared to SnMP-treated and vehicle treated (Fig. 5A) . Similarly visceral fat content was reduced in ZDF CoPP treated animals (Fig. 5B) . In summary, these results demonstrate a temporal link between HO-1 and adiponectin and suggests that HO-1 may be regarded as a target gene in the treatment of obesity which is considered a world wide problem of increasing magnitude.
Acute and Chronic Effects of HO-1
The degradation of heme is now considered critical in cellular defense for two contrasting reasons. First, the pro-oxidant heme is removed. Second, the increased production of bilirubin (antioxidant) and CO (anti-apoptotic) is now regarded as beneficial and critical to cellular defense mechanisms. Iron, which can stimulate free radical formation, is immediately bound by ferritin. Thus, CO and bilirubin are seminal to the protection that occurs from elevated levels of HO-1 expression and HO activity. Early studies examined the acute increase in HO activity resulting from the administration of a broad spectrum of inducers. Chronic induction of HO-1 may have both beneficial and detrimental effects. The role of HO in the acquisition of resistance to H 2 O 2 and hemin toxicity was evaluated in renal epithelial cells. Adapted by long-term exposure to H 2 O 2 , renal epithelial cells had a twofold increase in basal HO activity and HO-1 protein expression which was beneficial. Acute treatment with H 2 O 2 and hemin produced an increase in HO-1 that was associated with a decrease in the viability of renal epithelial cells. Long-term exposure to both stressors resulted, however, in the acquisition of some resistance to further acute challenges of oxidant stress in these cells [103] . Thus it appears that resistance built up, suggesting that, to be effective, increased HO-1 protein expression should occur before the onset of chronic disease. The acute induction, by several metals, of HO-1 has been shown to have a beneficial effect due to the rapid decrease in undesired heme and cytochrome P450. Sacerdoti et al. [104] first reported the benefits of an acute effect, describing that treatment with SnCl 2 prevented the development of high blood pressure. Subsequently, others reported that acute and chronic expression of HO-1 decreased vasoconstrictors, such as 20-hydroxyeicosatetraenoic acids [105, 106] , thromboxane synthase activity [107] and cyclooxygenase 2 activity [108] . Heme arginate, or heme, which is used clinically for the treatment of porphyria [109] , has been shown to have a beneficial effect on acute induction of HO-1 and lowers blood pressure in hypertensive rats [110] [111] [112] [113] . Hemin, a critical component of hemoglobin, is an active ingredient of a biologic therapeutic agent approved by the USA-FDA for the treatment of acute porphyrias.
The results described above leads to the question, can chronic induction of HO lead to adverse effects in vivo? In cell cultures, the chronic induction of HO activity by SnCl 2 resulted in a time-and dose-dependent decrease in heme and cGMP levels, due to the limitations of heme and culture media and the limitation in the heme synthesis [114] . However, chronic induction of HO-1, using iron as an inducer, did not affect cellular heme or cytochrome P450 content due to the rapid increase in heme turnover. Wang et al. elegantly showed that heme used for chronic treatment led to the continuous expression of HO-1, lowered blood pressure, and modestly decreased cellular heme [113] . Similarly, Levere et al. [115] , showed that acute induction of HO-1 by heme arginate has beneficial effects including lowered blood pressure. Heme administration has been shown to reduce NADPH oxidase and administration of the HO inhibitor SnMP reversed that effect and increased NADPH [116] . These authors showed that inhibition of NADPH oxidase was minimized by bilirubin [116] .
In contrast, inducers such as CoPP or CoCl 2 will, at high concentrations, inhibit heme synthesis and decrease cytochrome P450 levels [117, 118] . Investigators have administered high concentrations of CoPP or CoCl 2 which inhibit ferrochelatase and heme synthesis and may be toxic due to the severe decrease in heme P450 [119, 120] . However, low concentrations of CoPP, administered once a week in experimental diabetes, moderately decreased cellular heme, and P450 (unpublished results), and increased eNOS, pAKT and cell survival [55, 56] . Small doses of CoPP, which produce long lasting and chronic induction of HO-1, attenuated the coronary constrictor response to ischemia-reperfusion [48] . This modest and chronic expression of HO-1 resulted in a significant increase in serum adiponectin [121] . The HO-1 mediated increase in adiponectin provides the heart and vascular system with tolerance and resistance to oxidative stress generated not only in diabetes, but also to other types of vascular stress [121] . One can speculate that, in anemias, or when a genetic or environmental decrease in heme synthesis occurs, chronic induction of HO activity would exacerbate the disease state. Similarly, in porphyrias, where the synthesis of heme is impaired, chronic increases in HO activity would only serve to worsen the disease through the depletion of heme. Thus, careful review of the individual circumstances is necessary before embarking on chronic manipulation of HO activity.
There is now a considerable body of evidence, both in animal models and in humans, on the use of metalloporphyrins to inhibit/increase HO activity and expression. Kappas [122] summarized some of these studies. In one study, tin protoporphyrin IX dichloride (SnPP) was administered to mice with hemolytic anemia over a several month period without deleterious effects on cytochrome P450 content and cytochrome P450 drug-dependent enzyme activity. In another study, two Crigler-Najjar type 1 patients were treated for extended periods of time without adverse events, other than mild erythema. Chronic induction or long-term expression of HO-1 by CoPP has been shown to attenuate vascular dysfunction and restore the acetylcholine-dilatory effect in Type I diabetes [55] [56] [57] . More recently, long-term induction by CoPP prevented beta-cell destruction in NOD mice, interdicting the diabetic state [75, 76] , as a result of the suppression of infiltrating dendritic cells and decreased superoxide formation in pancreatic tissues. Thus, by the judicious use of metals and metalloporphyrins, with respect to dose and frequency of administration, beneficial effects can be achieved without deleterious side effects when used in chronic treatment.
HO-1 Gene: A Target for Drug Development in Cardiovascular Disease
HO-1 can be delivered directly by gene therapy or can be induced pharmacologically. The latter is fraut with difficulties due to dose and time of HO-1 expression considerations. Thus adverse effects associated with long term use on HO-1 expression and heme synthesis should be elucidated prior to use in the clinic. Nevertheless several commonly used drugs have been reported to modulate HO-1 expression in tissue. The PPAR agonist, pioglitazone, has been reported to improve insulin secretory capacity and prevent a reduction in the mass of pancreatic beta cells in obese diabetic db/db mice [123] . HO-1 expression is transcriptionally regulated by both PPAR and PPAR agonists implying that the mechanism by which PPAR provides anti-inflammatory effects is due to an increase in HO-1 derived CO and/or bilirubin [44] . The recent report of the parallel increase in HO-1 expression and HO activity and serum adiponectin, a protein hormone that can modulate a number of metabolic processes including glucose metabolism, provides an insight into possible mechanism(s) involving PPAR . The identification of HO-1 as a target gene for PPAR widens the options for the development of drugs for the management of cardiovascular disease.
Aspirin has been reported to increase HO-1 expression and HO activity in a dose dependent manner in human umbilical vein endothelial cells [124] and to increase ferritin synthesis in endothelial cell (EC) through HO-1 induction [125, 126] . The dose of aspirin used in these studies was substantially higher than used clinically. Various statins have shown to increase HO-1, mRNA levels in EC and vascular smooth muscle cell [127] [128] [129] [130] and when administrated orally to mice [131] . These results may explain the beneficial actions of statins as by the maintenance of low levels of free radicals through the continuous elevation of HO-1 expression. Several cardiovascular drugs such as probucol [132, 133] , losartan [134] , paclitaxel [132] and rapamycin [135] increase HO-1 expression. Curcumin has been reported to induce HO-1 expression [136] . Increased HO activity is an important component in curcumin-mediated cytoprotection against oxidative stress [137] . In addition, resveratrol, a component in red wine grapes, has been reported to precondition the heart through an HO-1 dependent NO mediated mechanism [138] and to reduce infarct size [139] through a HO-1 mediated mechanism [140] .
The common thread that links the disparate compounds described above is the increased expression of HO-1. This serves to focus on the critical role that HO-1 plays in the protection against metabolic insults and presents an unique opportunity as an obvious target in the synthesis of pharmacological compounds that would have clinical application in preventing the deleterious side effects associated with a number of disease states.
SUMMARY
The findings discussed above highlight the central role that HO-1 plays in modulating the deleterious complications that arise in diabetes as a result of oxidative stress. Thus, pharmacological or genetic manipulations that result in enhanced HO-1 expression and HO activity provide the basis for the vascular system to commence a host defense response to resist the deleterious effects of diabetes and obesity-mediated complications as a result of oxidative stress via an increase in adiponectin and decreases inflammatory molecules. Thus targeting the HO-1 gene to increase HO-1 protein levels and HO activity may be considered the primary defense against these complications and, as such, offers a portal for clinical intervention in these costly, in both monetary and human terms, diseases, including diabetes, metabolic syndrome and obesity.
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